Increasingly in the last decade, proteomics has become a widely used technique in the field of cell biology. This is due not only to improvements in technology and analytical procedures, but also because of the innovative and diverse ways in which the methodologies of protein and peptide analysis have been applied. This has resulted in the broadening of applications and potential uses for proteomics, including analyses of cellular substructures and mechanisms to imaging of protein distributions in cells and tissues. The growing scale and scope of modern proteomics projects has brought to the fore computing challenges involved in managing and mining the resulting very large and complex data sets. Modern proteomics is therefore inherently multidisciplinary, requiring the expertise of software engineers and statisticians as well as cell biologists, protein chemists and mass spectrometrists. This review article will describe some of the elegant, quirky, and novel applications of mass spectrometry based proteomics to medical research, diagnostics, quality control and drug discovery.
Proteomics
Proteomics is the term used to describe the global study of proteins in a sample. While multiple techniques can be used to detect and quantitate proteins, modern proteomics now predominantly relies upon Mass Spectrometry as the method of choice because of its high sensitivity and ability to detect proteins in high throughput. Proteomics is a relatively young science, given its current title as recently as 1994 [1] , coined from the focus of the research-PROTEins and its apparent similarity with the broad ranging and high throughput analysis of genes, genOMICS.
Mass Spectrometry uses ionisation (electron loss producing a positive charge) and exact mass measurement (down to 1-2ppm) to measure proteins and peptides ( Figure 1 ). Typically a "bottom-up" approach is taken, where bench top chemistry and enzyme digestion is applied to protein samples extracted from cells or tissues. This generates predictable peptides and the spectra from these peptides are measured using a mass spectrometer. Additional information about the individual peptide ions can be derived in the mass spectrometer by fragmentation of the ions induced by collision with an inert gas and a further round of measurement.
Because genome sequences are now available for humans and most commonly used model organisms, the resulting cell protein sequences can be predicted and an "in silico" digestion performed that creates a library of peptide masses that can be derived from these proteins. Commonly used protein databases include Uniprot for example which is species specific and hand curated, while the larger TrEMBL database is automatically annotated and not reviewed (http://www.ebi.ac.uk/ uniprot/). The exact peptide masses which are predicted based upon in silico analysis can then be compared against the actual measured masses seen in the output of the mass spectra of a sample. Matches of spectra to specific peptides can then be made, which in turn can be matched to provide information about proteins in the original sample. The analysis of spectra and matching to the predicted peptide masses relies upon dedicated software packages that can handle thousands of peptides because the scale and complexity of most samples precludes manual annotation.
Proteomics has expanded greatly in scale and scope and is finding new and unexpected applications (Figure 2 ). The fundamental roles played by proteins in living systems as well as the inherently 1. Peptides in solution are first separated by high pressure liquid reversephase chromatography, which separates peptides by size and hydrophobicity. 2. The peptides elute from the column at an electrospray tip, where a charge is applied to generate positively charged ions. 3. The resulting ions can now be controlled due to their positive charge and separated by mass. This is done throughout the mass spectrometer using resonating magnetic frequencies, which allow selection of ions according to their mass and charge. 4. Selected ions can also be collided with an inert gas to fragment them, giving a characteristic fragmentation spectrum from which the amino acid sequence of that peptide can be deduced. 5. Highly accurate mass measurement, in conjunction with rapid speed of analysis, makes LC-MS/MS a useful tool in the analysis of complex protein and peptide mixtures. multidisciplinary nature of proteomics have led to application of this new science not only for answering basic research questions, but also in areas such as forensics, food analysis, clinical medicine and even for studying the origins of life on earth.
The sequencing of the 'human genome' initially involved the sequencing of the genomes of two Caucasian males, but is now being extended rapidly to cover a much larger and ethnically representative sample of our species (for example see the Wellcome Trust Sanger Institute's 1000 genome project (http://www.1000genomes.org/)). The current abundance of DNA sequence information has inspired genomic analysis of human disease, assuming that changes in the genetic code may be the cause of, or contribute to, the disease. This gene sequencing analysis frequently seeks to link Single Nucleotide Polymorphisms, or 'SNPs', with disease phenotypes. In most cases however it is likely that the cause of the disease results directly or indirectly from changes in the structure and/or expression of one or more proteins. Applying proteomics methods can thus augment genome studies and provide critical information about how the properties of cell proteins vary in different genetic backgrounds. This proteomics approach is now being applied to study cancers neurological pathologies, arthritis, cell lines from many tissue types and body fluids of every description [2, 3, 4, 5, 6] . The majority of these endeavours are aiming to discover 'biomarkers', i.e., characteristic changes in the structure or expression of specific proteins that can be used to construct a simple and reliable assay for the diagnosis of disease.
The application of proteomics to the search for biomarkers has expanded now from studying what comes out of our bodies, to include analysis of what goes into our bodies. The field of nutritional proteomics has recently proven useful in quality control of food stuffs, as well as the nutritional value. For example not only finding out what species a meat really is, as opposed to what it claims to be, but also provides information about allergen percentage in food, illegal additives and undesirable colorant addition. In 2008 we saw the not insignificant effect of unmonitored addition of melamine to dairy products in China (Figure 3 ). Melamine was added to artificially increase the apparent protein content of the dairy product. This resulted in ~300,000 people [7] being adversely affected by the reaction of this nitrogen boosting additive with cyanuric acid in their bodies (which forms when melamine reaches the kidneys and reacts with urine). Fifty one thousand nine hundred infants and young children were hospitalised with kidney difficulties (WHO report December 2008) because of the illegal addition of this compound. Typically dairy protein levels were determined from measuring nitrogen by analysis methods such as the Kjeldahl [8] and Dumas [9] , which are widely used by production companies and quality control agencies alike. These methods use extremely high heat and either reaction with sulphuric acid to generate ammonia (which is purified and measured), or else complete combustion and measurement of purified elements (nitrogen, water and carbon dioxide) respectively. This does not differentiate between nitrogen originating from proteins and nitrogen arising from other molecules which might be present in a sample [10] . Hence the addition of nitrogen rich Melamine resulted in artificially high estimates of protein levels.
Mass spectrometry analysis on the other hand is more sensitive and more specific and has allowed the measurement of melamine content, as well as detecting the presence of carcinogenic dyes (in Chilli powders) [11, 12] , plastic originating chemicals that interfere with the endocrine system and protein degradation products in mishandled meat [13] .
Proteomics has been used to study the nutritional value of cereals, (the major food group which sustains the human race), comparing different species with the idea of customised nutrition [14] . This is akin to customised drug treatment after genotyping patients for specific cancer-related mutations, but instead of aiming to treat a disease after it has occurred, it aims to supply the best source of energy for the specific requirements of an individual.
A new branch of proteomics known as metaproteomics is also adding an insight into varied populations of microbes from soil samples to mucosal samples [15, 16] . It describes the populations of microbes qualitatively by utilising multi-species databases. This The impact of Proteomics on human life today. Proteomics is not only being applied to 'traditional Science', but is having new applications in fields such as drug discovery, forensics, food quality control and microbial interactions. Proteomics also utilises existing computing and statistics while at the same time driving new development to accommodate the data generated by proteomics. [12] as this does differentiate between a protein derived amine group and amine groups in small molecules.
information allows the description of a micro-niche population and could be applied to either crop and soil health, or human pathologies involving our micro-flora.
Human biomarker research is a less than trivial pursuit, not least due to large variations in abundance of key proteins in body fluids. In animals however biomarker discovery has proven more successful. McLean and colleagues discovered the tried and tested early warning system utilised in the feline kingdom to warn off unfriendly foes by proteomic analysis of cat urine. Cats, both domestic and of the large wild variety, excrete small molecules and proteins when spray marking (usually on up-right surfaces, to delineate territories or to leave dating invitations to the opposite sex). McLean and colleagues described the presence of the protein Cauxin in domestic cats, Sumatran tiger, Asiatic lion, clouded leopard and jaguar. Cauxin shares sequence homology with mammalian carboxylesterases, and is speculated in this investigation to cleave a pre-cursor of the feline urine protein felinine. Felinine is itself broken up into signalling pheromones for mating. Interestingly, they also found that Cauxin was present in the urine of cats that don't produce felinine-indicating it may be a general esterase/peptidase used for processing the signals transmitted by all cats producing Cauxin [15] .
From mapping on a macro scale, proteomics and mass spectrometry has been used on the micro-scale as well. Traditional imaging with mass spectrometry allowed the ionisation of surface proteins on sections of tissue with a laser (Figure 4 ).
From this technique individual proteins can be identified and a relative quantitation can be obtained. More generally however, it is used to globally measure the presence or absence of highly abundant proteins in each section of a target tissue/structure. Description of defined structures in particular tissue has been possible e.g. brain tissue sections or tumour margins. This is the typical use for this branch of proteomics and has spatial resolution in the sub 1µm range (TOF -SIMS -Time Of Flight Secondary Ion Mass Spectrometry [16] ) to typically 50-70µm (MALDI-MSI (Matrix Assisted Laser Desorption Ionisation-Mass Spectrometry Imaging)and SIMS-MSI (Secondary Ion Mass Spectrometry-Mass Spectrometry Imaging [17] ). Novel medical uses of this technique are now allowing the diffusion and metabolism (or the movement and breakdown) of drugs in tissues to be characterised by their effectiveness to get to required targets and to assess the specificity of a drug for its designed target. The added benefits of proteomics in drug screening are the numerous secondary effects of the drug that can be characterised at the same time as looking at effects on specific target proteins. The multi-factorial nature of identifying and measuring the abundance of hundreds to thousands of proteins in an experiment gives proteomics an advantage over previously used assays and technologies. The potential for characterising drug effects over time, in the cell is also now being carried out on a more regular basis, by applying drugs to cells in culture, making drug testing more descriptive and ultimately safer at an earlier stage in the drug trial process.
While MALDI-TOF MS imaging is generating images for medicine, TOF-SIMS is being applied to the micrometer dissection of priceless works of art. Rembrandt's Portrait of Nicolaes Van Bambeeck, 1641 has been analysed using TOF-SIMS imaging to determine the method of paint layer application (as you can analyse layer by layer with a Bismuth liquid metal ion gun as opposed to the laser source utilised in medical and standard MALDI-TOF) [16] . By analysing the peptide/ protein, polysaccharide, lipid and small molecule (metal ions etc.) components of the spectra obtained from samples of his paintings it has been possible to establish that some dye materials must have come from waste textile manufacture (which was not previously known), and additionally chemical reaction products, which could only have resulted from the combination of white lead and oils found in a binding medium used by oil paint artists.
The precise, scientific analysis of artwork may be taking away some of the emotive quality of an artwork (in the eyes of the artistof course the 'how' and the 'why' are the beauty in the eyes of the scientist!), but similar analysis has brought mass spectrometry and proteomic techniques into the courtroom. The initial purpose of using TOF-SIMS to analyse the quality of ink jet printing on paper, and comparisons of which inks print the best images [18, 19] had the unexpected but fortunate by-product of the ability to characterise the depth of penetration into the paper. This meant there was a characterisation of ink components in the x, y and now z dimensions. From this commercially driven research came the ability to take a piece of evidence from a document alteration court case, and scientifically determine what had been written in which time sequence (http://pubs. acs.org/cen/science/89/8923sci2.html), due to the ionisation of only the uppermost layer of ink, in any situation where one section of writing may have been written over or altered by a second ink. Fingerprints over the top of the ink for analysis do confound the results however, but do lead to the next forensic application of Mass Spectrometric proteomic analysis.
Fingerprint collection and analysis has long been common practice for the police force in providing evidence of individuals involved in a crime scene, due to the unique patterns, which comprise a fingerprint. The excretions of skin are also characteristic of an individual and defining the proteome of a person's fingerprint is now possible Figure 4 : Mass Spectrometric Imaging. The traditional application follows the use of tissue samples, formalin fixed, and paraffin embedded, or frozen. These samples are then sliced (3-10mm thick) and stained with haematoxylin and eosin. These tissue slices then have Matrix applied to them to help ionisation of proteins (can also be carried out without this step). The sample is shot with a laser and the ionised proteins measured using the traditional Matrix Assisted Laser Desorption Ionisation (MALDI) method. The ion intensity information is then converted into colour information and this is computationally overlaid on the image of the original sample, therefore generating a visual representation of protein localisation.
given their levels of sebaceous, apocrine, eccrine secreted proteins and/or small molecules, which may be distinctive when compared to another individual. What has also proven possible with TOF-SIMS is the visualisation of elicit substances on finger print evidence [20] . Szynkowska et al. Visualised the presence of amphetamine, methamphetamine and ecstasy on finger print samples taken from a number of different surfaces, describing a discerning pattern of occurrence which can not only place a person at a crime scene but implicate handling of illicit substances -which without this kind of evidence would otherwise be presented as circumstantial evidence.
MALDI-TOF and TOF-SIMS imaging does however have its limitations. It relies heavily on the ionise-ability of surface molecules, and abundance -so low abundance proteins are not detected with these kinds of analysis, and the more complex the sample is the more difficult the peak assignment may be. Often these MS imaging techniques are accompanied by the highly sensitive and descriptive Electron Spray Ionisation tandem Mass Spectrometry techniques (ESI-MS/MS), which along with a capability to analyse highly complex samples (such as cell lysates consisting of hundreds or thousands of types of proteins) give peptide sequence information -adding confidence to any protein ID made, and allowing for de-novo sequencing (or characterising novel proteins/peptides not curated in available databases). Specialised protein preparation can allow organellar separation, and therefore spatial proteome characterisation. This doesn't have the 1 micrometre resolution in the 2D image sense, as described above, but what the technique lacks in this aspect it gains in a clever use of metabolic labelling. Boisvert et al. [21] have utilised SILAC (Stable Isotope Labelling of Amino acids in Cell culture [22] ) labelling in combination with cellular fractionation to investigate the intracellular distribution of proteins. Boisvert and colleagues were able to describe the relative location of over 2000 proteins between the nucleus, nucleolus and cytoplasm. They also found after DNA damage was induced they could detect changes in the steady state distribution of proteins in the cell in response to the induced stress. Using Pulse SILAC methodologies they were also able to characterise the turnover of over 8,000 proteins [23] Inter-organism proteomic imaging has also recently been investigated. A particularly exciting application of this kind of imaging has been applied to bacterial competition, between Bacillus subtilis and Staphylococcus aureus [24] . The interaction of these two species is relevant to humans for several reasons. B. subtilis are very common bacteria found on nearly all bodily surfaces, and are actually added to foods and cosmetics due to the benefits these bacteria have in maintaining a healthy "body flora". They have this effect because they protect their own environment by out-competing other bacteria in the immediate area. The process by which B. subtilis affects this control on other potentially pathogenic microbes is crucially reliant on spatial and therefore directional interactions. The controlling effects of B. subtilis on S. aureus, particularly methicillin-resistant S. aureus (the notoriously hard to treat hospital and nursing home acquired infection cause, MRSA) had not been spatially characterised until Gonzalez et al. utilised the MS imaging techniques which have only recently allowed this kind of analysis. They found that there was a distinct directionality of the antibiotics and metabolites by growing the competing microbes in a T conformation (S. aureus along the vertical of the T and B. subtilis along the horizontal), and then using a raster grid approach characterised the protein abundance at the interface between the 2 bacterial colonies. They found that in and around the S. aureus lawn there were detectable levels of the membrane disrupting delta toxin (of S. aureus origin), but in the area of S. aureus growth inhibition caused by B. subtilis, they found non-ribosomal circular peptides Surfactin and Plipastatin, which have been characterised as antibiotics. This was the first directional characterisation of inter-microbial warfare, and will enable targeted drug discovery, utilising nature's well established and efficacious defence systems. Circular peptides are generated by plants, animals and bacteria and are often completely independent of DNA and ribosomes. Many important and commonly used pharmaceuticals are actually cyclic peptides, including cyclosporine (an immune-suppressant), actinomycin D (an antibiotic) and Daptomycin (a lipopeptide antibiotic which targets MRSA). These molecules circumvent the "central dogma" of biology -DNA is transcribed into RNA-which is translated into Protein. Cyclic peptides generated by cyanobacteria ( Figure 5 ) were found to be the cause of toxicity in algal blooms which have been responsible for wildlife, human, and shell fish poisoning.
What is more interesting is the evolutionary relevance of cyanobacteria, possibly the first life forms on earth. There is evidence of cyanobacteria existing on earth up to 3.5 billion years ago and were likely the cause of the oxygenation of the atmosphere, consequently making the planet suitable for more complex life [25] . It is possibly an interesting coincidence that "primordial origin of life" supporting molecule generation experiments, generate amines and amino acids [26, 27] .
Circular peptides, therefore could be interpreted as potentially the first complex structures generated by conjugation of those amino acids. If you consider further the function of most of these cyclic peptidestoxins and antibiotics, or defence mechanisms and/or quorum sensing, these are interaction and population based communications, albeit not terribly amicable-but communication none-the-less. Aside from the interesting evolutionary implications the MS analysis of cyclic peptides is technically challenging because of the non-linearity of the cyclic peptide-therefore, traditional amino acid sequencing of spectra is not always possible. Also they often contain modified amino acids, not found in commonly occurring proteins, such as methyl -alanine found in the cyclic peptide Seglitide (Figure 6 ) [28] . Proteomics not only has new implications for biological and forensic applications, it is pushing the boundaries of computation, database generation and curation, and statistics. The application of high throughput techniques, in proteomics has resulted in experiments that generate large volumes of data. For example, currently one sample, run on a mass spectrometer for ~100 minutes, can produce raw data files up to 2.5GB. This rate of data generation quickly builds up to a very large scale and given the on-going improvements in instrumentation this trend is only likely to increase in future. Many funding bodies currently supporting proteomics research have policies that necessitate the storage of these data for a minimum of 10 years. Simple storage of individual data files is not the only challenge, however, especially as the cost of large scale storage devices continues to fall. The real challenge is to make very large volumes of data easily accessible for continued analysis. Movements supporting this idea include the PRIDE data base (http://www.ebi.ac.uk/pride/). This is a public database to which scientists carrying out mass spectrometry based proteomics can submit meta data and mass spectra to, and contains 196,469,637 Spectra (identified + unidentified) [30] . The main aim of this public database was to cumulatively verify spectra and the resulting peptide and protein identifications, giving more statistical strength due to numbers of submitted spectra.
Mass spectrometry data alone do not provide answers to key questions in the applications described previously, it must be interpreted and analysed. The process of converting the MS data to information and then understanding, i.e. converting it to applicable knowledge, requires sophisticated methods of data processing and analytics. These methods must take into consideration the multi-faceted, complex nature of the global study of proteomes, including such parameters as how much of a protein is in a cell (intensity and abundance), where it is located in a cell (spatial localisation), who it talks to (interactions), and what chemical modifications it may gain or lose. Hence, when storing these data, traditional relational databases can be considered, however more recently multi-dimensional databases have been shown to play a role in providing a structure for proteomics data that allows for fast dimensional analytics to take place.
Boulon and colleagues presented a data analysis and storage platform for immuno-precipitation experiments [29] . These points to an emerging trend in proteomics, i.e. the use of large databases combined with sophisticated analysis software. The Boulon paper describes the first application of business intelligence strategies in proteomics to aid in the analysis of immuno-precipitation experiments. An immuno-precipitation experiment is the targeted isolation of a protein of interest, with the assumption that biologically interacting proteins will co-purify with the protein. This is the case, but often many non-specific proteins also co-purify in almost all experiments [30] . Using statistics related to the frequency of detection of proteins in multiple immuno-precipitation experiments helps to predict which protein identifications may be false. The Boulon et al. [29] paper describes a strategy of computationally combining experiments to give a frequency of detection for proteins in many immuno-precipitation experiments. Using this resource, helps to evaluate whether a protein identification in a new experiment might be a non-specific protein, or a genuine interaction partner (http://proteinfrequencylibrary.com). This application of business intelligence strategies provides proof of concept for combining multiple experiments in a structured data store to aid statistical evaluation of future experiments. Furthermore, using computational analysis techniques in this way allows us to combine large volumes of data to better address the complexity of proteomics, and use our historical knowledge in analysis of new experiments.
The specific application described above is an indicator of how potentially moving proteomics into the data analytics arena can help improve the use of high throughput multi-dimensional sciences like genomics and proteomics. Looking to the future of proteomics, with manual annotation no longer feasible, we envisage that this kind of data handling and interrogation has to become commonplace. Furthermore, collecting data systematically can help to build a baseline of historical knowledge that can be accessed repeatedly and utilised to find patterns and trends only apparent across multiple experiments over time (Figure 7 ).
Proteomics as a developing, and by nature high-tech, multidisciplinary science is having a wide-spread effect on humanity. Thanks to many complementary developments in methodology, cutting edge physical chemistry and engineering combined with the power of modern computing, proteomics offers huge future potential for answering major questions in biology and for providing new clinical advances leading to improved diagnoses and the safer treatment of human disease. The application of proteomics in these new fields (forensics, drug discovery, evolutionary research and food safety) is an indication of the growing relevance of this kind of analysis. Typical problem solving involves putting a finite number of pieces together to reveal the answer as generally there is only one outcome. Proteomics and several other large scale high through-put techniques are more complex in their analysis, because regardless of the number of variables put in the analysis, the outcomes of the analysis will number in the hundreds to thousands. Clever computation consisting of database management and analytics solutions for handling this complexity will be increasingly required to get the most out of the data.
